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Reproducibility may be as important as absolute accu-
racy in assessing the utility of an echocardiographic
method of left ventricular volume estimation for epi-
demiologic or physiologic studies. The magnitude of dif-
ferences between measurements in the same subjects from
day to day must be defined before any quantitative tech-
nique can be used reliably to document "real" changes
in heart volume over time. Two-dimensional echocar-
diograms were performed several days apart in 30 sub-
jects, including 20 normal subjects and 10 patients with
stable coronary heart disease. Analysesof light-pen trac-
ings provided measurements of end-diastolic volume,end-
systolic volume and derived ejection fraction on both
days, and differences in individual subjects between days
were quantitated. Beat to beat, interobserver and in-
traobserver variability also were assessed. Althoughgroup
Echocardiographic estimates of left ventricular volume have
been shown to correlate closely with angiographic volume
measurements (I-II). In nearly all cases, however, the
standard error of the echocardiographic estimate has been
rather high compared with the angiocardiographic value .
Inherent differences in these two techniques (1,3,10) make
it unlikely that perfect duplication of measurements ever
will be attained. Therefore, a reasonable approach is to
define the limitations of two-dimensional echocardiography
as a method of assessing ventricular size , and to begin
working within those limitations. In contrast to angiogra-
phy , two-dimensional echocardiography is a noninvasive ,
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values changed little from day to day, individual volume
changes were substantial in some cases.
Confidence limits for individual measurements were
derived from analysesof intrasubject variability and were
as follows: end-diastolic volume ± 15%, end-systolic
volume ± 25%, ejection fraction ± 10%. Confidence
limits in a larger group of subjects were narrower; in a
group of 30 subjects, changes of greater than 2% in end-
diastolic volume, 5% in end-systolic volume and 2% in
ejection fraction most likely represent real change. In-
traobserver variability was minimal, but interobserver
and beat to beat variability were of sufficient magnitude
to suggest that serial measurements on a given subject
be made ideally by a single person and that several cycles
be averaged for a given measurement.
relatively inexpensive and easily performed technique, rep-
resenting an ideal way to monitor patients with various
cardiac conditions over time . The ability to detect significant
changes in heart volume may prove to be a useful clinical
and research tool. We recently validated a method of as-
sessing left ventricular volume in our laboratory (I), and
although we consider it a potentially valuable method, it
suffers nonetheless from many of the difficulties found with
earlier approaches .
The degree of reproducibility of the method, however,
rather than its absolute accuracy may be of great importance
in enabling us to reliably detect changes over time or changes
due to therapeutic interventions (II). Several investigators
(12- 20) have reported on the rather marked variability in
left ventricular volumes and function in normal subjects and
patients with cardiac disease when assessed by other tech-
niques. In this study, we attempted to establish the degree
of day to day variability in calculated left ventricular volume
demonstrated by our method in both normal subjects and
those with coronary artery disease. We recognized that there
would be many factors, both technical and biologic, con-
tributing to this variability. Therefore, we tried to minimize
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as many external sources of variability as possible (that is.
time of day. medications and so forth ) and to identify the
magn itude of the unavoidable sources of variability . We
propose confidence limits for individual volume measure-
ments and groups of measurements and set forth practical
guidelines for the use of this method in the serial monitoring
of cardi ac volumes.
Methods
Subjects. Thirty-one subjects underwent imaging on two
separate occasions. Twenty-one were normal volunteers. 13
female and 8 male. whose age ranged from 21 to 61 year s
(mean 33) . The other 10 subjects were patients with clini-
cally stable coronary artery disease at least 6 months after
a myocardial infarction. All of these patients were men
between 39 and 67 years of age (mean 56). Repeat studies
were performed at least 2 days and not more than 4 days
apart at the same time of day, approximately the same num-
ber of hours postprand ially . Medi cations, if any, were taken
in the same quantities and at similar times on both days.
Subje cts were questioned about symptoms and were en-
couraged to perform the same degree of physical activit y
before the study on both days. Heart rate and blood pressure
were recorded at the time of each study.
Echocardiography. T wo- d imen sion al ec hocardio-
graphic images were obtained by two of us (E.G. and I.S .),
workin g together for the first 12 studies to ensure that op-
timal images were obtained according to mutuall y agreed
on criteria. The apical four chamber view was used for
volume estim ation ; a deta iled outline of the method and its
validation appears elsewhere ( I) and will be described here
only briefly.
A lead II electrocardiogram and phonocardiogram were
recorded to guide the choice of end-diastolic and end- sys-
tolic frame s. The patient was posit ioned in the left lateral
decubitus posit ion and a four chamber view was obtained ,
concentrating on the left ventricle with the septum placed
vertically in the center of the imaging field and the lateral
walls well see n. To ensure maximal " length" of the left
ventricle (that is , to avoid foreshortenin g), we moved the
transducer ca uda lly on the chest wall until cardiac structures
could no longer be identified and then returned the trans-
ducer cranially until the heart was aga in in view, thereb y
providing the most apical view possible . To ensure maximal
left ventricular minor axis (medial-lateral) dimensions, we
rotated the transducer clockwise and count erclockwise until
the images of both right and left ventricles were maximally
opened . To ensure optimal and reproducible transducer an-
gulation. we angled the imaging plane dorsally and ventrally
to visualize the mitral and tricuspid valve leaflets and the
left atrium but to exclude the aort a. Thu s. we used internal
landm arks to identify a standard image for a given subject .
Subject position and interspace used were noted, but im-
aging was done primarily with the guidance of these intern al
landm arks. We found that this method resulted in the subject
assuming a similar position with a similar transducer lo-
cation during each study.
Recordings were done with the subject breathing free ly
or with held expiration and were repeated in a similar fashion
during the second study . Instrument gains were adju sted to
the point at which endocardium was visualized without ex-
cess ive loss of lateral or ax ial resoluti on. In general. gain
settings were lower than those used for most clinical studies
in our laboratory. Images were obtained on a Hewlett-Pack-
ard 77020A phased array sector sca nner with a 2.25 MHz
transducer. Image s were recorded on .Y4 inch (1 .9 ern) vid-
eotape and transferred to a video disc for later analys is. A
Sony SYM-IOIO video motion analyzer with a time-base
corrector , was used for this purpose, interfaced with a Hew-
lett-Packard MX-F computer programmed for area-len gth
volum e computation from light -pen tracing s of the ventric-
ular outlines as descr ibed previously (1 ) . The volume (V)
formula used is based on the area-length (A-L) method of
Sandler and Dodge (2 1), where Y = 8A2I.7T L.
Data collection. Images were accepted for analysis if at
least 75% of the endocardium was seen. The innermost
edges of the endocardial echoes were traced with the knowl-
edge that finite beam width likely resulted in sprea d of these
echoes into the left ventricular cavity . thereby encroach ing
on its volume. Th is was done because guess ing the location
of each endocardial reflector would have added another sub-
jective variable to the analysis and might have lessened the
reproducibility.
After the image s were recorded on the video disc. four
beats were chosen arbitrarily for analysis and the ir values
averaged. The onset of the electrocardiographic R wave
ident ified the end-diastolic frame. and the most prominent
initial deflection of the second heart sound identified the
end-systolic frame . Because of loss of visual integration in
the stop frame mode, each image was traced and then the
video recording played in rea l time under the tracing to
ensure visually accu rate endocardial defin ition .
A mean value for end-diastolic volume, end-systolic vol-
ume and derived ejection f raction was obtained for each
patient on each day . Stud ies on day I and day 2 were traced
independently and in random order. at least 4 days apart, by
one observer (E.G.) . In addition, I I studies were reex-
amined by the same observer (E.G.) on another occ asion
to test for intraobserver variability, and by a second observer
(I.S .) to test for interob server variability . The se observers
jo intly performed and traced five studies initially to ensure
the intent to apply uniform techn ique .
Data analysis. Data were analyzed by linear regression
analysis. obtaining correlation coefficients between all paired
measurements (for example, end-diastoli c volume on day
I versus that on day 2). In addition, the mean of paired
differences betwe en individual measurement s on both day s
was calculated with regard for arithmetic sign (+ or - )
508 GORDON ET AL.
VENTRICULAR VOLUMES BY TWO·DIMENSIONAL ECHOCARDIOGRAI'HY
l ACC Vol. 2. No 3
September 1983:506-13
20 0
r = 0 .96 SE E 6 2 9
Y = 1 12X - 12 11
10 0 150
DAY 1 (m ls .)
50 ....~ ....... ...... ........
50
100
DAY 2 Imls . )
200
150
End DIa s t olic Vo lum e
n = 3 0
A
and, using the standard deviation (SO) of these differences,
a measure of individual variability was obta ined. These
values were expressed both in absolute and relative (%)
terms for end-diastolic and end-sys tolic volumes. Eject ion
fraction is usually expressed as a percent and the changes
listed here are absolute only. Ninety-five percent confidence
limits for a given measurement corre spond to 2 SO of the
mean of paired differences. The degree of variabili ty in the
patients with coro nary disease was compared with that of
the normal subjects for each measureme nt with an F test.
Table 1. Left Ventricular Volumes and Ejection Fractions (EF)
on Successive Days for Study Group*
Results
General find ings. Twenty of the 2 1 normal subjects had
images suitable for analysis. All 10 patients with coronary
artery disease had adequ ate studies . We judged that we were
successful in matching environmental conditions (that is,
time , medications and so forth) on both days. There were
no major alterations in the subjects' blood pressure or pulse
rate from day I to day 2. Heart rate for norm al subjects was
66 ± 10 (mean ± SO) beats/min on day I and 64 ± I I
beats/min on day 2. Similarly, mean heart rate in the patients
with coro nary artery disease was 70 ± II beats/min on day
I and 70 ± 7 beats/min on day 2. In two normal subjec ts
more substantial heart rate changes occ urred between the
two studies (60 to 72 beats/min and 64 to 84 beats/min ,
respectively) and were associated with increased ejection
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EDV
(rnl) 95.5 19.4 95.6 24.6
(ml/rrr') 54.5 8 7 54.4 11.3
ESV
(m!) 38.6 9.5 38.9 11.3
(ml/ rrr') 22. 1 4.9 22.2 55
EF(%) 60 6.2 59 1 5.9
Patients With Coronary Artery Disease (n = 10)
EDV
(m!) 132.5 25.7 135 5 27.8
(rnl/rrr') 69. 1 12.8 70.6 13.5
ESV
(mil 68.7 26.2 70.9 29.5
(rnl/rrr') 35.8 13.5 37.0 15.2
EF(%) 49.3 9.7 48.9 11.1
*Differences between values on days I and 2 were not SIgnificant for
any variable studied m either the normal or the patient group.
EDV = end-diastolic volume; EF = ejection fraction; ESV = end-
systohc volume; SO = standard deviauon.
DAY 1 {%I
Figure 1. Reproducibility between days. Correlation between
measurements on day I versus day 2 for end-diastolic volume
(panel A), end-systolic volume (panel B) and ejection fraction
(panel C) for all subjects. SEE = standard error of the estimate.
fraction (50 to 58% and 53 to 63%, respectively), sugges ting
a higher degree of adrenergic tone on day 2.
Volume measuremen ts. There were no significant group
differe nces between day I and day 2 in mean values of any
measurement (Table I). Furthermore, corre lations between
volumes measured on day I versus day 2 were high (r =
0.98, 0 .97 and 0 .87 for end-d ias to lic volume , end-systo lic
volume and ejection fraction , respectively, for all subjects)
(Fig. I). Mean values of paired difference s between studies
and their standard deviations are listed in Table 2. Mean
differences of nearly zero reflect the lack of system atic over-
estimation or underestimation of volume on day I versus
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Table 2. Mean and Standard Deviation of Change, III Each Individual Subject From Day I to Day 2
Absolute Change o/c Change
Mean SD Range Mean SD Range
Normal Subject; (n = 20)
EDV(ml) -0.1 7.7 - 14 to + 14 -08 8.3 -15 to + 19
ESV (ml) -04 5.7 -II to + 10 -I I 15.0 -23 to +30
EF (o/c) 0.4 5 8 -II to + 15 NA
Patients With Coronary Artery Disease (n = 10)
EDV(ml) -2.9 5.5 -II to +6 -2.1 46* -II to +6
ESV (ml) -23 6.5 - 9 to +7 -28 102 -17 to + II
EF (%) 0.4 4.1 - 6 to +6 NA
All Subjects (n = 30)
EDV(ml) -I I 7.1 -14 to + 14 -0.2 74 -15 to + 19
ESV (ml) - 1.1 5.9 -11 to + 10 -22 132 - 23 to +30
EF (o/c) 0.4 5 2 -II to + 15 NA
*p <0.025 compared With value III normal subjects
NA = not applicable (ejection fracnon valves are absolute only); other abbreviations as III Table I.
day 2 in these data. The variation in measurements is no-
table, as reflected by standard deviations of 7.4, 13.2 and
5.2% for end-diastolic volume, end-systolic volume and
ejection fraction, respectively, for all subjects. Thus, group
data suggest little variability in volume measurements; how-
ever, the rather wide standard deviations of individual dif-
ferences between day I and day 2 illustrate the otherwise
unappreciated degree of individual variation from day to
day (Fig. 2). Although variance for percent change was
consistently lower for patients with coronary artery disease
compared with normal subjects, a significant F statistic was
obtained only for end-diastolic volume measurements (prob-
ability [p] < 0.025).
Power calculation for groups of larger size. Although
statistical analysis can be applied to assess the differences
between group measurements, for small groups or for clin-
ical purposes, a power calculation that makes use of the
variance demonstrated in this study can be applied as fol-
lows: 95% confidence limit (CL) = t(SO)/ ~, where t
represents the t statistic for n-I degrees of freedom at the
5% confidence level, SO is the standard deviation found for
our study population as a whole and n is the number of
subjects to be studied.
Therefore, confidence limits for end-diastolic volume in
a group of n subjects = 2.05* (7.4)/ ~ (*from t tables
at 29 degrees of freedom), and so on, for the remaining
measurements. Confidence limits for group data compared
with individual data are shown in Table 3.
Beat to beat variability. Four cardiac cycles were ana-
lyzed for each volume measurement, and beat to beat var-
iability expressed as ± 2 SO was 10% for end-diastolic
volume and 15% for end-systolic volume.
Inter- and intraobserver variability. lntraobserver
variation was minimal with correlation coefficients of r ::=:
0.87 to 0.99 (Fig. 3). The standard deviation of the mean
of paired differences was 3.3% for end-diastolic volume and
5.5% for end-systolic volume (Table 4). Interobserver mea-
surements also correlated highly (Fig. 4), but were nearly
as variable as the day to day measurements, with standard
deviations of 8.5% for end-diastolic volume and 16.5% for
end-systolic volume. The variance in measurements made
by two observers was significantly higher than that seen in
repeat measurements made by one observer. This applies
to all volume measurements (Table 4).
Discussion
Reproducibility Studies: Other Modalities
Measurements of left ventricular volumes in human sub-
jects have been shown to be highly variable when examined
by other imaging modalities. Cohn et al. (13) reported up
to 15% variation In angiographic ejection fraction when
measured in the same patient on different days. They also
reported a rather high degree of interobserver variability and
stressed the importance of a Single person analyzing se-
quential studies. In another angiographic study McAnulty
et al. (15) pointed out that group data change little from
day to day, but that individual subjects display a wide fluc-
tuation in volume that is not apparent from examining mean
data alone. Their standard deviation for left ventricular vol-
umes ranged from 23 to 30%; this value is somewhat higher
than we have found for echocardiography and may reflect
the less "physiologic" circumstances of repeating an in-
vasive angiogram on sequential days.
Wackers et al. (16) performed serial radionuclide gated
blood pool scans in a large number of patients with coronary
disease with a broader range of left ventricular function than
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Figure 2. Indi vidual and group values for end-diastolic volume
(panel A), end -systolic volume (panel B) and ejection fraction
(panel C). Note that although group means are the same on both
days, some subjects demonstrate substantial day to day variability .
CAD = coronary artery disease; other abbreviations as in Fig-
ure I .
Table 3. Approximat e (95%) Confidence Limits
EDvt
ESV~
EF§
Group*
2%
5%
2%
Individual
15o/c
25%
10%
that included in our study or other quoted studies . The y
found a wide " intrinsic" variability in their measurement
of ejection fraction that was not accounted for by either
interobserver or intraob server error. Patients with normal
ejection fraction (> 55%) were found to vary more than
those with abnormal ejection fraction , perhaps because of
greater cardi ac reserve. This latter finding was not corrob-
orated by Marshall et a!' (17), although mean ejection rate
did seem to vary most in normal subjects. Berger et al. (18)
examined beat to beat variability in a single gated blood
pool scan and found it to be ± 9% for end-diastolic volume
and ± 5.9 % for ejection fraction. Buda et al. (19) and
Brenner and Waugh (20) reported on the effect of respiratory
maneu vers on M-mode measurements of left ventricular
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Table 4. lnterobserver and lntraobserver Variablity
Intraobserver Vanability (all subjects , n = II)
Interobserver Variability (all subjects ; n = II)
r = 0 .98 SEE 8 .91
Y = 0 .99X +1.44
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n = 11SD
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% Change
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*F(\ O, IO) = 6.58; P < 0.005.t F(\O,lO) = 9.00; p < 0.005.:1: F(lO,lO)
= 3.33; p < 0.05.
Abbreviations as in Tables I and 2.
volume. These studies (19,20) demonstrate the need to av-
erage values for several beats to overcome these potential
sources of variability.
OBSERVER 2 1%1
80 r-----------------,
OBSERVER 1 (%)
Figure 4. lnterobserver variability. Measurements made by two
trained observers correlate highly for end-diastolic volume(panel
A), end-systolic volume (panel B) and ejection fraction (panel
C), although relatively large SEE for all volumes indicate the
subjective differences in measurements between different observ-
ers. Abbreviations as in Figure I.
on different days would likely further decrease reproduci -
bility (Table 4) (25) .
Biologic variability is the most difficultfactor to evaluate .
Several investigators (16,24) suggest that this is the largest
source of variability seen in sequential measurements of left
ventricular size. Although a detailed analysis of the relative
importance of these components of variance was not made
in this study , it is likely that in echographic measurements
of left ventricular volume, as well as in other modalitie s of
cardiac imaging, biologic variability contributes most highly
and must be accounted for when assessing changes due to
interventions or natural progression of disease in individuals.
8060
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40
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40
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Current Study
When group volume data for day I are compared with
data for day 2, little variability can be appreciated. However,
in individual subjects, day to day fluctuations in left ven-
tricular volumes and ejection fraction may be substantial.
This is reflected in the rather wide standard deviation for
paired differences and the ranges of change listed in Table
2. These results are similar to those reported by other authors
(12-20) using different modalities of cardiac imaging as
mentioned.
Factors contributing to variability. Variability seemed
consistently greater among normal subjects than among pa-
tients with coronary disease , but this achieved statistical
significance only in end-diastolic volume measurement. This
variability is likely to be both technical and biologic in
origin , because we largely controlled for most identifiable
" extrinsic" factors (Table 5). Technical factors include var-
iability in both data acquisition and analysi s. Image acqui-
sition by different technicians has not been found by other
investigators to contribute largely to variability (20), es-
pecially when rigorous attention is paid to a uniform tech-
nique (22-24) as was the case in our study. Despite its
subjective nature , image analysis performed in our study by
one observer for all day to day measurements contributed
relatively little to variability. The narrow standard deviation
in repeat measurements by a single observer (intraobserver
variability) reflects the ability of a single observer to select
the same boundaries consistently for image outlining. The
subjectivity of this choice of boundaries, however, is high-
lighted by the relatively large interobserver variability found
in our study. This variance is as high as day to day variance,
and suggests that measurements made by different observers
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Table 5. Sources of Variablity
Extrins ic factors (controllable)
Time of day
Medi cations
Hours postprandial
Respiratory phase
Technical factors
Acquistion
Use of internal landmarks
Gain contro l
Rigorous techniqu e
Analysis
Same versus different observer
Biologi cal factors (not easily controlled)
Inotropi c "adrenergic" state
Blood pressure
Heart rate
Conclusions and Recommendations
Left ventricular volume measurements can be obtained
by two-dimensional echocardiography with reprodu cibility
in the range of other imaging modalities . The following
approaches are suggested for the acquisition and interpre-
tation of studies for the purpose of quantitation.
I) An opt imal technique for data acquisition should be
employed with rigorous attention to internal landmarks and
gain controls under similar environmental conditions for
sequential measurements. Other studies suggest that the use
of a single technician for all studies is not mandatory if
trained technicians are skilled in a uniform technique. How-
ever , we have no data to support this.
2) Echocardiographic tracings are best performed by one
observer, using the average of at least four cardiac cycles
to control for beat to beat and respiratory variation in volumes.
3) If the foregoing requirements are met , two-dimen-
sional echocardiographic left ventricular volume measure-
ments should be highly reproducible for group data (Table
1). Changes of only 2% for end-diastolic volume and ejec-
tion fraction and of 5% for end-s ystolic volume would be
significant for a group of 30 subjects with a range of ven-
tricular function . Consistent trends of greater magnitude in
a smaller group also may prove significant , as determined
by the power calculation provided.
The f ollowing guidelines are recommended f or assessing
changes in individual measurements. Changes of at least
15% for end-diastolic volume, 25% for end- systolic volume
and 10% for ejection fract ion should be demonstrated before
concluding that an observed change is real (95% confi-
dence). The confidence limits are likely to be narrower in
patients with abnormal left ventricular function , but our data
allow us to make specific recommendations only for end-
diastolic volume in this group of subjects, where a change
of approximately 10% is likely to be significant.
Implications. Two-dimensional echocardiography is a
highly reproducible method of quantitating left ventricular
volume in groups of subjects. The technique should prove
most applicable to epidemiologic , physiologic or interven-
tion studies in which repeated noninvasive measu rements
are required . Because of day to day variability demonstrated
in individual subjects, interpretation of volume changes for
a given patient must be made cautiously with the guidance
of the confidence limits provided .
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